Background/objectives The Dietary Approaches to Stop Hypertension (DASH) diet has been shown to improve cardiometabolic outcomes in non-pregnant populations. Little is known regarding the impact of this diet on health during pregnancy. The objective of this research is to examine associations of adherence to the DASH diet with hypertensive disorders of pregnancy (HDP) and other pregnancy outcomes. Subjects/methods We conducted analyses with data that came from 1760 women in Project Viva, a Boston-area longitudinal cohort recruited in early pregnancy 1999-2002. We derived a DASH score using data from a food frequency questionnaire (FFQ) administered at median 11.1 weeks gestation. Next, we used multivariable linear regression models that accounted for the woman's age at enrollment, pre-pregnancy body mass index (BMI), education, smoking habits, race/ ethnicity, gestational weight gain (GWG) up until the time of the FFQ, and total energy intake to examine associations of the DASH score with HDP, gestational diabetes, preterm delivery (<37 weeks), birth size, and GWG from FFQ to delivery. Models for HDP and GDM were additionally mutually adjusted for each other. Because pre-pregnancy weight status may modify these relationships, we tested for interactions between pre-pregnancy BMI and the DASH score. Results Mean ± SD age of the women was 32.2 ± 4.9 years; 71.9% were white. Overall, the DASH diet score (mean: 24.0, SD: 5.0) was not associated with any of the pregnancy outcomes or complications. However, we found a positive association between the DASH diet and subsequent GWG among women who were obese before pregnancy (0.19 [95% CI: 0.05, 0.34], P ≤ 0.05 kg higher GWG per 1 unit DASH score). Conclusions Adherence to DASH diet during early pregnancy does not appear to be protective against HDP or other adverse pregnancy outcomes.
Introduction
The Dietary Approaches to Stop Hypertension (DASH) diet -a diet consisting of high consumption of fruits, vegetables, whole grains, and lean proteins; moderate consumption of unsaturated fats; and low consumption of red meats, sweets, saturated fats, trans fats, sugar, and sodium [1] -has been shown to reduce blood pressure [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , lower risk of cardiovascular disease risk [13] , improve insulin sensitivity [14] , and aid in weight loss [15] in nonpregnant populations. Each of these cardiovascular (blood pressure) and metabolic (glycemia, weight status) traits impact a woman's risk for pregnancy complications. For example, pre-pregnancy obesity, excess weight gain during pregnancy, and history of elevated blood pressure are risk factors for hypertensive disorders of pregnancy [16] , preterm birth [17] , and small-for-gestational age [17, 18] ; and poor glycemic control is a determinant of gestational diabetes, preterm delivery, and large-for-gestational age [19] . Yet, little is known regarding the influence of the DASH diet during pregnancy, an important timeframe for short-and long-term health of both the mother and infant.
Current evidence regarding relations of the DASH diet with complications and/or outcomes of pregnancy consists of a small randomized controlled trial (RCT) [20] [21] [22] , and an observational study of 15,000 women in the Nurses' Health Study (NHS) II [23] . In a series of studies using the data from the RCT, conducted among 34 women with gestational diabetes mellitus (GDM), Asemi et al. found that consumption of the DASH diet beginning at 24-28 weeks gestation lowered systolic blood pressure and plasma glucose, and improved lipid profile during the 4-week study period [20, 21] . Similarly, analysis of the NHS II data revealed that adherence to several healthful dietary patterns, including the DASH diet, prior to pregnancy corresponded with lower risk of GDM [23] , although it should be noted that the physiological influence of diet before (as for the NHS II) vs. during pregnancy (as for the RCT in Asemi et al.) may not be comparable. Nevertheless, though these findings suggest a potential beneficial effect of the DASH diet on pregnancy complications, generalizability of the results is limited by the homogenous (e.g., NHS II is predominantly white) and specific (e.g., Asemi et al.'s RCT is comprised of women with GDM) study populations.
In this study, we examined associations of adherence to the DASH dietary pattern during the first trimester of pregnancy with hypertensive disorders of pregnancy and blood pressure in a multi-ethnic cohort of pregnant women [24] . In addition, we investigated associations of the DASH diet with other complications and outcomes of pregnancy, including gestational diabetes, gestational weight gain, preterm delivery, and birth size.
Materials and methods

Study population
This study used data from Project Viva, an ongoing cohort of pregnant women and their children. Recruitment has been described elsewhere [25] . Briefly, between 1999 and 2002, we recruited pregnant women during their first trimester from multi-specialty practices at Atrius Harvard Vanguard Medical Associates in Massachusetts [25] . Eligibility criteria included a singleton pregnancy, <22 weeks of gestation at time of the first clinical visit, planning to reside in the study area until delivery, and ability to complete paperwork in English [25] . At enrollment, we collected information from the women on self-reported race/ethnicity, age, education, and parity; household income; lifestyle characteristics during pregnancy; and partner's weight and height. The women also reported their pre-pregnancy weight, in conjunction with measured height, we calculated pre-pregnancy body mass index (BMI; kg/m 2 ) and used standard weight status criteria to assess weight status [26] .
Because this was an exploratory study based on secondary analysis of the existing data, we did not perform a formal power analysis. Instead, we selected participants for inclusion in the study based on the following criteria: of the 2128 women enrolled, we excluded 16 with type 1 or 2 diabetes, followed by 7 missing information on all of the outcomes of interest, and 345 missing information on the dietary data from the first trimester food frequency questionnaire (FFQ). The final analytic sample included 1760 women. All participants provided written informed consent. The institutional review board of Harvard Pilgrim Health Care approved all study protocols; all procedures were conducted in accordance with ethical standards.
Exposure: DASH dietary pattern
The exposure of interest in this study was the DASH dietary pattern. In addition, we also considered the DASH OMNI pattern, which is based on the original DASH diet supplemented by higher unsaturated fat intake [27, 28] . The DASH diet is similar to the Mediterranean dietary pattern in that both are rich in fruits, vegetables, legumes, whole grains, and healthy fats, with limited amounts of poultry, red meat, and dairy. A key difference is that the DASH diet focuses on intake of foods high in macro-and micronutrients that have been specifically demonstrated to be effective in reducing risk of hypertension-namely, reduced amounts of saturated fat, total fat, and cholesterol; and high levels of potassium, magnesium, and calcium (~75th percentile of the Unoted States consumption), along with high amounts of fiber and protein, and no more than 3 g of sodium per day [29] .
We derived the two patterns from dietary data ascertained via a semiquantitative FFQ administered during the at study enrollment (median: 11.1 gestational weeks) [25] . We focused on the FFQ data from the first trimester since diagnoses of pregnancy complications around the time of the second trimester FFQ could affect dietary habits.
The FFQ, which was based on the instrument designed for the Nurses' Health Study and has been validated for pregnancy [25] , inquired on frequency of intake and preparation methods of 140 foods since the last menstrual period, ranging from "Never/less than once per month" to "≥1 servings per day" [25, 30] . To derive the DASH dietary patterns, we focused on intake of fruits, vegetables, whole grains, nuts/legumes, low-fat dairy, sodium, sugarsweetened beverages, and red and/or processed meats (Table 1 ) [13] . The DASH OMNI dietary pattern further included frequency of intake of total energy adjusted monounsaturated and polyunsaturated fats, estimated based on the Harvard nutrient composition database [31, 32] . These dietary patterns were parameterized as a score, calculated as a weighted sum of frequency of intake per day of the above-mentioned food groups using a two-step process [13] . First, we ranked the participants into quintiles of intake of each food group and assigned each individual with a score. Fruits, vegetables, whole grains, nuts/legumes, lowfat dairy, and monounsaturated and polyunsaturated fats (DASH OMNI only) received positive scores for higher intake (1: lowest quintile of intake to 5: highest quintile intake), while sodium, sugar-sweetened beverages, and red and/or processed meats were reverse scored (5: lowest intake quintile to 1: highest intake quintile). We then summed the scores for each food group for each participant to derive the DASH and DASH OMNI diet scores. For both diets, a higher score denotes greater adherence to the dietary pattern of interest. Score could range from 8-40 for DASH and 9-45 for DASH OMNI [13] .
Outcomes: Pregnancy complications and outcomes
Hypertensive disorders of pregnancy (HDP) and blood pressure
In light of the existing literature regarding the beneficial effect of the DASH diet on blood pressure in non-pregnant populations, primary outcomes of interest in this study were hypertensive disorders of pregnancy (HDP) and third trimester blood pressure.
For HDP, we reviewed outpatient charts for blood pressure and urine protein results and derived a 4-level variable consisting of normotensive, chronic hypertension, gestational hypertension, and preeclampsia [33] . We also examined HDP as a dichotomous variable, with women classified as "yes" if they had gestational hypertension or preeclampsia, and "no" if normotensive. We also used the outpatient charts to estimate third trimester blood pressure at 36 weeks gestation-a time during which many women may present with elevated blood pressure but are not likely to be recommended for induction of early labor [34] .
For analyses of HDP and third trimester blood pressure, we excluded 24 participants with chronic hypertension (n = 24) as these cases of elevated blood pressure existed prior to pregnancy.
Gestational diabetes mellitus
We used medical record results from two-step clinical obstetric screening for gestational diabetes at 26-28 weeks and categorized women as having gestational diabetes mellitus (GDM), impaired glucose tolerance, isolated hyperglycemia, or normoglycemia [35] . We also dichotomized this variable as GDM vs. no GDM (including all 3 other groups) for the analysis.
Preterm delivery
Preterm delivery was defined as delivery prior to 37 weeks of gestation. Gestational age was ascertained by subtracting the date of the woman's last menstrual cycle from the delivery date. If there was a discrepancy of ≥10 days in gestational age between these two techniques, the gestational age determined from the ultrasound was used [30] .
Birth size
Hospital medical records provided information on infant birthweight. We standardized birthweight into gestational age and sex-specific values (birth-weight-for-gestational age z-score [BW/GA]) [36] . For the analysis, we examined this variable as small-for-gestational age (SGA; <10th percentile of BW/GA), appropriate-for-gestational age (AGA; 10th to 90th percentile; referent), and large-for-gestational age (LGA; ≥90th percentile).
Gestational weight gain
We were interested in continuous gestational weight gain (GWG) from the time of the first trimester FFQ to delivery. To derive this variable, we performed linear interpolation between the two measures of weight assessed in closest temporal proximity to the date of FFQ administration and calculated the difference between the last clinicallymeasured weight prior to self-reported pre-pregnancy weight.
In addition to assessing GWG as an outcome, we also calculated GWG up until the time of the first trimester FFQ for use as a covariate in multivariable models, as it could confound the relationship between diet and subsequent pregnancy complications.
Data analysis
First, we carried out bivariate analysis to examine associations of background characteristics with the two diet scores. These associations, in conjunction with our knowledge of determinants of pregnancy complications, aided in selection of covariates.
For the main analysis, we initially evaluated associations of the diet scores in quartiles to assess for non-linear trends with the outcomes. The relationships were generally linear and monotonic, so we entered the diet scores into the models continuously. For the dichotomous outcomes, HDP, GDM, and preterm delivery, we used logistic regression. For birth size, which was categorized as SGA, AGA, and LGA, we used multinomial logistic regression with AGA as the referent. Across all four outcomes, we used a similar set of models. In Model 1, we adjusted for age at enrollment, race/ethnicity, education level, pre-pregnancy BMI, smoking habits during pregnancy, total energy intake and gestational weight gain up until the time of the first trimester FFQ. We also included GDM in models where HDP was the outcome of interest and vice versa given the high prevalence of co-occurrence of the two conditions [37] . Then, in Model 2, we further adjusted for residuals from a model that regressed the DASH or DASH OMNI diet score on the Western and Prudent dietary patterns, two major dietary patterns that are associated with the DASH scores and have themselves been implicated in pregnancy outcomes [38] . Use of residuals enabled us to parse out an effect of the DASH diet that is independent of the other two dietary patterns without running into issues of collinearity given the relatively high correlations between both dietary patterns and the two DASH diet scores (R Western vs. DASH = −0.45, R Western vs. DASH OMNI = −0.39; R Prudent vs. DASH = 0.47; R Prudent/DASH OMNI = 0.47).
In addition to investigating associations of the DASH diet with the pregnancy outcomes, we examined relations with GWG from the time of the first trimester FFQ to delivery, as the DASH diet has also been shown to lead to weight loss [15] . Here we included the same series of covariates as previously described for Models 1 above using linear regression. We then further adjusted for HDP (Model 2), GDM (Model 3), and the residuals from DASH regressed on the Western and Prudent dietary patterns (Model 4).
Because pre-pregnancy BMI and race/ethnicity may modify the relationship between diet and the outcomes, we tested for an interaction between both variables and the diet scores. We found evidence of an interaction (P-interaction < 0.05) between pre-pregnancy BMI and the DASH scores for subsequent gestational weight gain. Thus, we carried stratified analysis within categories of pre-pregnancy weight status (underweight, normal weight, overweight, obese).
Finally, we performed sensitivity analyses. First, in addition to examining HDP and GDM as dichotomous outcomes, we evaluated them as the original 4-level variables using multinomial logistic regression. The results for both outcomes were generally null, so we present findings from the dichotomous variables for simplicity. Second, in addition to examining associations of the diet scores with HDP and GDM while mutually adjusting one condition for the other, we carried out analyses, where we excluded participants with HDP from models with GDM as the outcome, vice versa for models where HDP was the outcome; doing so did not materially alter the results. Finally, we ran all models after including parity, which is a known determinant of preeclampsia [39] . Including parity did not change the direction, magnitude, or precision of the results, thus was not included in the final models.
All models met standard assumptions for linear regression (linearity of the relationships of interest, multivariate normality, no multicollinearity, no auto-correlation, heteroscedasticity). For assessment of statistical significance in any test or model, we performed two-sided tests with a significance level of alpha <0.05. Because the goal of this study was to examine associations of the DASH diet with several correlated outcomes (rather than to predict the outcomes), we did not account for multiple comparisons.
Code availability
All analyses were performed using the SAS 9.4 (SAS Institute Inc., Cary, NC). SAS programs for this analysis are available by contacting Wei Perng (perngwei@umich.edu).
Results
Mean ± SD age of the women at the time of enrollment was 32.2 ± 4.9 years; 71.9% were white. Median gestational age at the time of dietary assessment was 11.1 weeks (range: 5.0, 33.6). Table 2 displays the distribution of the DASH and DASH OMNI diet scores, with higher scores of each indicating more healthful diet. In Table 3 , we show the mean ± SD of the two diet scores across categories of background characteristics. Older age at enrollment, being white or Asian, being married or cohabiting, having attained a higher education, having a higher annual income, not smoking during pregnancy, lower parity, lower pre-pregnancy BMI, greater GWG up until the time of the FFQ, and engagement in more physical activity before and during pregnancy were each associated with higher scores for the DASH and DASH OMNI dietary patterns.
We did not find any associations of either dietary pattern with HDP, third trimester blood pressure, GDM, preterm delivery, or birth size (Table 4 ). However, adherence to both dietary patterns corresponded with greater subsequent GWG, an association that was driven by women who were obese prior to pregnancy ( Table 5 ). Among obese women, each 1 unit increment in the DASH diet score was associated with 0.19 (95% CI: 0.05, 0.34) kg higher GWG from the time of dietary assessment to delivery, even after accounting for age, race/ethnicity, education level, prepregnancy BMI, smoking habits during pregnancy, previous gestational weight gain, and total energy intake. Likewise, each 1 unit increment in the DASH OMNI score corresponded with 0.20 (95% CI: 0.05, 0.35) kg higher subsequent GWG. These estimates did not change after adjustment for HDP, GDM, or the Western or Prudent dietary patterns (Table 5 ).
Discussion
In this prospective study of 1760 pregnant women, adherence to neither the DASH nor the DASH OMNI diet during early pregnancy was associated with risk of hypertensive disorders (HDP), gestational diabetes mellitus (GDM), preterm delivery, or large-or small-for-gestational age. However, higher compliance with both dietary patterns was related to greater gestational weight gain (GWG) among women who were obese prior to pregnancy.
Hypertensive disorders of pregnancy
Despite a wealth of evidence documenting beneficial effects of the DASH diet on blood pressure in non-pregnant populations [3, 7, 11, 40] , we are aware of only one studya RCT of 34 women with GDM-that evaluated its impact during late pregnancy [20] . Contrary to findings of Asemi et al. [20] , we did not find relations of either DASH dietary pattern during the first trimester with hypertensive disorders or blood pressure during the third trimester. A potential explanation for our null results could be that effects of the DASH diet were masked by other physiological processes during pregnancy that affect blood pressure, such as fluctuations in progesterone, relaxin, estradiol, the renin-angiotensin system [41, 42] , and may occur regardless of dietary habits. It is also possible that the timeframe during which we ascertained dietary intake (i.e., during early pregnancy) was too proximal to the outcomes of interest such that the physiological impact of the DASH diet had not yet manifested. Additionally, we cannot rule out confounding by intake of foods that were not captured by the DASH dietary patterns, although accounting for the Prudent and Western dietary patterns did not change our results.
Gestational diabetes mellitus
So far, a few studies have examined the association between the DASH diet and GDM. Izadi et al. carried out a casecontrol study of 460 pregnant women with (n = 200) vs. without GDM (n = 260) and found that adherence to the DASH diet anywhere from 5 to 28 weeks of pregnancy was associated with 71% lower risk of GDM [43] . Similarly, in the RCT by Asemi et al., women with GDM who were randomized to receive the DASH diet exhibited improved glucose tolerance according to plasma glucose levels at 60, 120, and 180 min after an oral glucose load as compared to controls [20] . Given that these two studies oversampled women with GDM (e.g., Izadi et al. used a case-control design to match on GDM status, and Asemi et al. examined effects of the DASH diet only among women with GDM), we may have been underpowered to detect associations given the relatively low prevalence of GDM in Project Viva (~5%). Additionally, we noted the possibility of reverse confounding in Izadi et al.'s study given that the dietary assessment (three 24-hour recalls) was carried out between 5 and 28 weeks of pregnancy and thus, some women may have completed their dietary recalls after GDM diagnosis, which typically occurs at 24-28 gestational weeks.
Preterm delivery and birth size
Published literature on the relationship of the DASH diet with preterm delivery and birth size is scant, but generally indicates a beneficial effect on both outcomes. In a prospective study of 3143 mother-child pairs in the Pregnancy, Infection, and Nutrition (PIN) study, Martin et al. found an inverse relationship between adherence to the DASH diet and odds of preterm delivery (OR: 0.59 [95% CI: 0.40, 0.85] for women in the 4th vs. 1st quartile of adherence to the DASH score) [44] . Our null findings could be related to differences in ethnic composition of the study population. Specifically, the PIN population comprised~28% Black women, as compared to 12% in our study population. This is noteworthy in light of evidence that the DASH diet leads to a greater decrease in SBP among Black vs. Caucasian adults [45] . Accordingly, even though we did not find a significant interaction between race/ethnicity and any of the outcomes, it is possible that the beneficial effects of the DASH diet during pregnancy may be more readily detectable in populations with a larger proportion of Black women.
With respect to birthweight, Asemi et al. found that women with GDM randomized to the DASH diet gave birth to infants who were~600 g lighter than those who received [21] . However, because a diagnosis of GDM was part of the criteria for inclusion in this trial, there are likely fundamental physiological differences between these women vs. those in Project Viva, the majority of whom were normoglycemic during pregnancy. Future studies in larger, more generalizable populations are warranted to ascertain the potential impact of the DASH diet on these pregnancy outcomes.
Gestational weight gain
We found that adherence to the DASH and DASH OMNI diets was associated with greater subsequent GWG among women who were obese prior to pregnancy. This finding was unexpected given that the DASH diet has been associated with weight loss in non-pregnant populations [15] . The fact that we found an association in the opposite direction for obese participants suggests that other factors may underlie our findings, such as hormonal differences during pregnancy or genetic predisposition [15, 46] . Alternatively, it is also possible that obese women were more likely to over-report consumption of healthy foods, such as fruits and vegetables, while underreporting intake of unhealthy foods [47] [48] [49] .
Strengths & limitations
Strengths of this study include the large sample size, use of a validated FFQ to ascertain dietary intake, and prospectively collected data on pregnancy complications and delivery outcomes. Limitations include the observational study design, and potential reporting bias of dietary data. Further, because Project Viva is predominantly white and relatively well-educated, these results may not be generalizable to other populations.
Conclusions
Neither the DASH nor the DASH OMNI dietary patterns were associated with hypertensive disorders of pregnancy, gestational diabetes, preterm delivery or birth size. However, we found a positive association between both diet scores and gestational weight gain in obese women. As this is one of the first studies to look at the impact of the DASH diet on hypertensive disorders of pregnancy, more research needs to be done in this area to confirm our results. In the literature, studies have shown that adherence to other healthy dietary patterns, such as the Mediterranean diet and the alternate Healthy Eating Index, during the perinatal period is beneficial to metabolic health both during (e.g., lower risk of GDM [23] ; lower blood pressure [50] ) and after pregnancy (e.g., lower risk of type 2 diabetes [46] ). Given that pregnancy is a time when women not only regularly access the health care system but may also be more receptive to lifestyle changes, a better understanding of how diet during pregnancy impacts pregnancy outcomes could have measurable impacts on population health. 
